1. Introduction {#s1}
===============

Being overweight or obesity is associated with alternations in plasma lipids and a broad spectrum of cardio-metabolic disorders, including increases in plasma low-density lipoprotein (LDL)-cholesterol (LDL-C) and triglyceride (TG) concentrations,[@b1]--[@b3] which is one of the leading risks for death worldwide. Increasing evidence has suggested that obesity is linked to numerous comorbidity diseases such as type 2 diabetes, hypertension, hypercholesterolaemia, hypertriglyceridemia, and non-alcohol fatty liver disease.[@b4],[@b5] Elevated plasma LDL-C levels represent one of the key causal factors for the development of atherosclerosis and subsequent coronary artery disease (CAD).[@b5] The important role of plasma LDL-C for the development of the atherosclerosis was recently highlighted from studies on subjects with genetically caused reductions of LDL-cholesterol due to variation in the gene for proportion convertase subtilisin/kexin type 9 serine protease (PCSK9), an enzyme that degrades the LDL receptor (LDLR).[@b6]--[@b8]

Age is a common risk factor for the development of cholesterol homeostasis.[@b9] It has been reported that cholesterol metabolism is profoundly modified during normal ageing, and in human plasma LDL-C increases by about 40% from 20 to 60 year of age.[@b9] A number of metabolic changes have been reported to occur during normal aging in both animals and humans.[@b9] Reduced physical activity, redistribution of body tissues with a relative increase in adipose over muscle mass, increased insulin resistance, and increased blood pressure are all factors that could contribute to the acceleration of age-related atherosclerosis.[@b9],[@b10] Additionally, modern societies are becoming increasingly aged, causing a collision between increased hypercholesterolaemia and increased aging.

PCSK9 is a newly discovered serine protease that plays a key role in LDL-C homeostasis by mediating LDLR breakdown through a post-transcriptional mechanism.[@b11],[@b12] Data obtained from studies in cultured cells and rodent models show that PCSK9 is an important regulator of plasma LDL-C concentrations.[@b13],[@b14] In recent years, therefore, a number of studies have greatly expounded the physiological role of PCSK9 and reported that PCSK9 inhibition may be a therapeutic strategy for the treatment of dyslipidemia and cardiovascular diseases.[@b15],[@b16]

In addition, previous studies have reported that animals fed with four weeks high fat diet (HFD) can cause obesity and abnormal lipid metabolism.[@b17] Additionally, recent evidence suggests that PCSK9 is associated to LDL-C and a lesser extent plasma TG and may also regulate the very low-density lipoprotein (VLDL) receptor expression and VLDL-TG metabolism.[@b12],[@b13] However, whether the dyslipidemia in rats fed with HFD is associated with PCSK9-LDL- receptor pathway has never been evaluated.

In this study, therefore, we examined the changes of plasma PCSK9 concentration in a rat model fed with HFD and its correlation to lipid profile, body weight and ageing.

2. Methods {#s2}
==========

2.1. Animals {#s2a}
------------

Three-week-young male Sprague-Dawley (SD) rats (initial weight, 50 ± 1 g) were purchased from animal center of Peking University Health Science Center. All animals were fed a standard laboratory diet, and placed in caged (four rats per cage) in an atmosphere of 55% ± 10% relative humidity at 22 ± 2°C with a 12-h light/dark cycle. Rats were given free access to food and water. Body weight and venous blood were recorded and collected once per week. The study protocol was approved by the Ethics Committee on Animal Center of Peking University Health Science.

After adapting to the environment for a week, animals were randomly assigned into the two groups: HFD group and control group (fed with normal diet). The indicated diet purchased from Peking keao Feed Company. Rats in the control group (*n* = 8) were fed a standard chow diet (3.21 kcal/g, 13% calories from fat, 25% calories from protein, 62% calories from carbohydrate). Those in the HFD group (*n* = 8) were fed HFD (4.39 kcal/g, 47% calories from fat, 20% calories from protein, 33% calories from carbohydrate) for 4 weeks. Rats underwent an 18 h fasting period prior to sacrificing at four weeks. The blood samples and livers were rapidly collected and stored at --80°C until analysis.

2.2. Serum lipid and PCSK9 measurements {#s2b}
---------------------------------------

After one week and four weeks of chronic administration of the experimental diet, animals (*n* = 8 for each group) were fasted 12--15 h and blood sample were collected from eyes veins. Following a centrifugation for 15 min at 1000 r/min, plasma samples were stored at --80°C until analysis. Total cholesterol (TC), TG, high-density lipoprotein cholesterol (HDL-C) were determined on an automatic biochemistry analyzer (Hitachi 7150, Tokyo, Japan). The LDL-C was estimated according to the following formula. LDL-C = TC -- HDL-C -- TG/5.

PCSK9 concentrations were measured using a high-sensitivity, quantitative sandwich enzyme immunoassay (Quantikine ELISA, R&D Systems Europe Ltd, Sweden). The lower limit of detection was 0.096 ng/mL.

2.3. Real-time polymerase chain reaction (RT-PCR) analysis {#s2c}
----------------------------------------------------------

Total RNA in liver tissue was isolated from hepatic tissue using the Trizol reagent Kit (Invitrogen, USA) following the manufacture\'s instructions, and then was measured by spectrophotometry at an absorbance of 260 nm, and designated the purity valid if the ratio of A260/A280 was in the range from 1.8 to 2.0. The integrity of the RNA was checked by denaturing agarose gel electrophoresis and ethidium bromide staining. 3.0 µg of the total RNA was reverse transcribed by revert Aid First Strand cDNA aynthesis kit (Fermentas, CA, USA). The abundances of LDLR and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA were analyzed by RT-PCR in the 7500HT RT-PCR system (Applied Biosystems, Foster, CA, USA). Real-time PCR was performed using the SYBR Premix ExTaq (TaKaRa Bio Inc.) according to the manufacturer\'s instructions. The specific sense and antisence primers were shown as followings: LDLR, sense: 5′-GAT TGG CTA TGA GTG CCT ATG TC-3′, antisense: 5′-GTG AAG AGC AGA AAC CCT ATG G-3′; GAPDH, sense: 5′-ACA GCA ACA GGG TGG TGG AC-3′, antisense: 5′-TTT GAG GGT GCA GCG AAC TT-3′.

Standard curves for each primer pair were generated by serial dilutions of cDNA from a reference sample and used for regression analyses. All PCR assays were performed in triplicate. The variance of the triplicate measurements was \< 1%. Results were analyzed using the standard curve method by the SDS (sequence detection systems) software. The data was expressed as the relative levels of mRNA after normalized with GAPDH.

2.4. Statistical analyses {#s2d}
-------------------------

Results are expressed as the means ± SD. Statistical analysis was performed using SPSS 19.0 statistical packages. The significance of differences was evaluated by a one-way analysis of variance (ANOVA) for unpaired data. The significance level was chosen as *P* \< 0.05.

3. Results {#s3}
==========

3.1. Changes of body weight {#s3a}
---------------------------

Following a 4-week experimental observation fed with control diet or HFD, body weight of the rats gained significantly. As shown in [Figure 1](#jgc-10-04-361-g001){ref-type="fig"}, there was no differences in body weight at baseline between control and HFD group (about 50 g), while the body weight increased at 4 weeks in both groups compared with that at 0 week. However, the body weight in HFD group was higher than that in control group (391 ± 13.09 g *vs*. 319 ± 8.59 g, *P* \< 0.01), which was increased by 18%.

3.2. Changes of lipid profile {#s3b}
-----------------------------

The effects of diets on the levels of serum lipid profile were shown in [Table 1](#jgc-10-04-361-t01){ref-type="table"} and [Figure 2](#jgc-10-04-361-g002){ref-type="fig"}. There were no differences between the control and HFD group at baseline (0 week) regarding serum lipid profile. However, after 4-week treatment with experimental diets, serum TG, TC and LDL-C concentrations of rats were increased while HDL-C concentrations of rats were decreased in both groups. Among those parameters of lipid profile, the serum TG concentration of rats fed with HFD at week 4 were significantly increased compared with that at both baselines (control group: from 0.56 ± 0.09 mmol/L to 0.75 ± 0.15 mmol/L; HFD group: from 0.61 ± 0.03 mmol/L to 1.72 ± 0.19 mmol/L). Apparently, this change was much higher in HFD group compared with that in the control group (1.72 ± 0.19 mmol/L *vs*. 0.75 ± 0.15 mmol/L, *P* \< 0.01). Although there were no differences at week 4 concerning serum TC concentrations between the two groups (2.28 ± 0.12 mmol/L, and 2.31 ± 0.12 mmol/L, *P* \> 0.05), those values were higher than that at week 0 in both groups (*P* \< 0.05). As shown in [Table 1](#jgc-10-04-361-t01){ref-type="table"}, the levels of LDL-C in HFD group (0.81 ± 0.04) were increased compared with that in control group at 4 weeks, while the levels of HDL-C in HFD group at week 4 was decreased significantly compared with that in control group. The ratio of TC/HDL-C and LDL-C/HDL-C were also presented in [Table 1](#jgc-10-04-361-t01){ref-type="table"}. These ratios at baseline in both groups were no different, but the ratios of TC/HDL-C and LDL-C/HDL-C in HFD group were increased in 4 weeks compared with that in control group, suggesting that more severe dyslipidemia existed in HFD rats. The results were summarized in [Table 1](#jgc-10-04-361-t01){ref-type="table"} and [Figure 2](#jgc-10-04-361-g002){ref-type="fig"}.

![The changes of body weight of rats fed with high fat diet and control diet.\
Results were expressed as mean ± SD. \**P* \< 0.001, compare with 0 week groups; ^\#^*P* \< 0.001, compare with control group at 4 weeks. Con: control; HFD: high fat diet.](jgc-10-04-361-g001){#jgc-10-04-361-g001}

###### Changes of serum lipid profile and glucose.

                          0 wk (*n* = 8)   4 wks (*n* = 8)   0 wk/4wks (HFD)                                 
  ---------------------- ---------------- ----------------- ----------------- ------------- ------------- -- ---------
  TC (mmol/L)              1.59 ± 0.07       1.52 ± 0.13                       2.28 ± 0.12   2.31 ± 0.12      \< 0.05
  Changes (%)                 −0.07            \> 0.05            0.03           \> 0.05                     
  TG (mmol/L)              0.56 ± 0.09       0.61 ± 0.03                       0.75 ± 0.15   1.72 ± 0.19      \< 0.01
  Changes (%)                  0.05            \> 0.05            0.97           \< 0.01                     
  HDL-C (mmol/L)           0.82 ± 0.04       0.83 ± 0.03                       1.47 ± 0.10   1.19 ± 0.06      \< 0.05
  Changes (%)                  0.01            \> 0.05            −0.26          \< 0.05                     
  LDL-C (mmol/L)           0.69 ± 0.02       0.67 ± 0.03                       0.66 ± 0.04   0.81 ± 0.04      \< 0.05
  Changes (%)                 −0.02            \> 0.05            0.15           = 0.05                      
  LDL-C/HDL-C (mmol/L)     0.84 ± 0.03       0.81 ± 0.06                       0.45 ± 0.02   0.66 ± 0.01      \< 0.05
  Changes (%)                 −0.03            \> 0.05            0.21           \< 0.05                     
  TC/HDL-C (mmol/L)        1.96 ± 0.16       1.84 ± 0.18                       1.56 ± 0.02   1.95 ± 0.05      \< 0.05
  Changes (%)                  0.12            \> 0.05            0.31           \< 0.05                     
  Glucose (mg/dL)          2.60 ± 0.23       2.58 ± 0.25                       2.77 ± 0.37   3.22 ± 0.15      \< 0.01
  Changes (%)                  0.02            \> 0.05            0.45           \< 0.05                     

Values are expressed as mean ± SD. Con: control; HDL-C: high density lipoprotein cholesterol; HFD: high fat diet; LDL-C: low density lipoprotein cholesterol; TC: total cholesterol; TG: triglyceride; 0 wk/4wks: 4 weeks group versus with 0 week group.

![The changes of serum lipid profile of rats fed with high fat diet and control diet.\
(A): Baseline lipid profile at 0 week of both groups (left) and changes of lipid profile at 4 weeks of both groups (right). \**P* \< 0.05, ^\#^*P* \< 0.001, compare with controls; (B): Changes of serum TC/HDL-C and LDL-C/HDL-C ratio. \**P* \< 0.05, compare with controls. Results were expressed as mean ± SD. Con: control; HDL-C: high density lipoprotein cholesterol; HFD: high fat diet; LDL-C: low density lipoprotein cholesterol; TC: total cholesterol; TG: triglycerides.](jgc-10-04-361-g002){#jgc-10-04-361-g002}

3.3. Change of circulating PCSK9 concentration {#s3c}
----------------------------------------------

To determine the relationship between PCKS9 and body weight in rats, circulating PCSK9 concentrations of the rats were measured at baseline (0 week) and at 2, 3, 4 weeks in both groups. The data showed that circulating PCSK9 concentrations of rats fed with either control diet or FHD at week 4 were decreased significantly compared with that at 0 week, (*P* \< 0.01 respectively). However, there were no significantly differences between the two groups as shown in [Figure 3](#jgc-10-04-361-g003){ref-type="fig"}.

3.4. LDLR mRNA expression in hepatic tissue {#s3d}
-------------------------------------------

To examine whether the changes of circulating PCSK9 and lipid profile was associated with LDLR mRNA expression, the change of LDLR mRNA expression in hepatic tissue was also assessed. The data indicated that a similar pattern of changes in circulating PCSK9 levels and liver LDLR gene expression were found in both groups. Although the parameters of lipid profile in rats fed with HFD at 4 weeks had a remarked changes, the levels of circulating PCSK9 and liver LDLR gene expression were nearly same, suggesting that dyslipidemia in rat fed with HFD is not associated with PCSK9-LDL-receptor pathway but aging. The detailed results were summarized in [Table 2](#jgc-10-04-361-t02){ref-type="table"} and [Figure 4](#jgc-10-04-361-g004){ref-type="fig"}.

3.5. Correlation of serum PCSK9 level with lipid profile {#s3e}
--------------------------------------------------------

To assess the correlation of circulation PCSK9 concentration with serum metabolic parameters (serum lipids profile and glucose profile), a Person\'s correlations analysis was performed in this study. As shown in [Table 3](#jgc-10-04-361-t03){ref-type="table"}, the data showed that plasma PCSK9 concentrations were decreased significantly when the body weight of rats increased. However, the results indicated that circulating PCSK9 concentrations were not correlated with the changes of serum lipid profile and glucose ([Table 3](#jgc-10-04-361-t03){ref-type="table"}).

![The changes of the plasma PCSK9 concentrations.\
Results were expressed as mean ± SD. ^\#^*P* \< 0.001, compare with 0 week in both groups. Con: control; HFD: high fat diet.](jgc-10-04-361-g003){#jgc-10-04-361-g003}

###### Sequences of PCR primers used in real time PCR analysis.

  Genes (Rat)           Forward primer                  Reverse primer
  ------------- ------------------------------- ------------------------------
  LDLR           5′-GATTGGCTATGAGTGCCTATGTC-3′   5′-GTGAAGAGCAGAAACCCTATGG-3′
  GAPDH           5′-ACAGCAACAGGGTGGTGGAC-3′      5′-TTTGAGGGTGCAGCGAACTT-3′

GAPDH: Glyceraldehydes-3-phosphate dehydrogenase; LDLR: Low-density lipoprotein cholesterol receptor.

![The changes of the liver tissue LDLR expression by real time-PCR analysis.\
Results were expressed as mean ± SD. Con: control; HFD: high fat diet; LDLR: Low-density lipoprotein cholesterol receptor.](jgc-10-04-361-g004){#jgc-10-04-361-g004}

3.6. Effect of ageing on PCSK9 {#s3f}
------------------------------

In our study, the data indicated that the increased body weight of rats reached obese levels with ageing and high cholesterol diet. However, circulating PCSK9 concentration was decreased with ageing in either control diet or HFD group compared with that at baseline (*P* \< 0.01 respectively). However, there were no significant difference between HFD group and control group at any indicated time in our time course study ([Figure 5](#jgc-10-04-361-g005){ref-type="fig"}).

###### Correlations between plasma PCSK9 and glucose.

                       0 wk (*n* = 8)   4 wks (*n* = 8)         
  ------------------- ---------------- ----------------- ------ ------
  **Control**                                                   
   TG (mmol/L)              0.64             0.17         0.27   0.66
   TC (mmol/L)              0.21             0.69         0.48   0.41
   HDL-C (mmol/L)           0.19             0.72         0.44   0.46
   LDL-C (mmol/L)           0.57             0.24         0.22   0.73
   Glucose (mg/dL)          0.32             0.53         0.09   0.88
  **High fat diet**                                             
   TG (mmol/L)              0.64             0.17         0.46   0.30
   TC (mmol/L)              0.11             0.98         0.50   0.26
   HDL-C (mmol/L)           0.15             0.78         0.48   0.28
   LDL-C (mmol/L)           0.57             0.24         0.27   0.56
   Glucose (mg/dL)          0.41             0.42         0.08   0.87

HDL-C: high density lipoprotein cholesterol; LDL-C: low density lipoprotein cholesterol; TC: total cholesterol; TG: triglycerides.

![The time course of the changes in body weight and plasma PCSK9 concentrations.\
Results were expressed as mean ± SD. (A): body weight; (B): plasma PCSK9 concentrations. Con: control; HFD: high fat diet.](jgc-10-04-361-g005){#jgc-10-04-361-g005}

4. Discussion {#s4}
=============

Obesity and overweight have been shown to be associated with cardiovascular diseases (CVD), such as arteriosclerosis, stroke and myocardial infarction.[@b18],[@b19] These conditions can affect lipoprotein metabolism, and increase body weight and elevates TG and LDL-C levels and reduce HDL-C level.[@b18]--[@b20] In the present study, data showed that rats fed with HFD for 4 weeks resulted in a significant increase in body weight. Additionally, serum TC, TG, and LDL-C levels were also enhanced, whereas the serum HDL-C level was significantly decreased. Furthermore, the ratios of TC/HDL-C and LDL-C/HDL-C, the better indexes reflecting the abnormality of lipid metabolism, were also increased compared with that at 0 week. More importantly, the study indicated that there were no differences of plasma PCSK9 concentrations as well as hepatic expression of LDLR between HFD and control group at 4 weeks although the body weight and LDL-C were significantly increased in HFD group compared with that in control group, suggesting that dyslipidemia in the rat model with HFD appears not associated with PCSK9-LDLR pathway but age.

Recent studies have been reported that PCSK9 are associated with hypercholesterolemia and atherosclerosis.[@b21] It is established that PCSK9 is a natural inhibitor of the LDLR, acting post-transcriptionally.[@b7],[@b8],[@b22] Circulating PCSK9 binds to the epidermal growth factor precursor homology domain A (EGF-A) extracellular domain of the hepatic LDLR and prevents its recycling to the cell surface, thereby influences the circulating level of LDL-C uptake cause to hyperlipidemia.[@b23],[@b24] In humans, gain-of-function mutations in PCSK9 result in autosomal hypercholesterolemia and premature atherosclerosis.[@b25] Conversely, loss-of-function mutations within PCSK9 are associated with a reduction in plasma LDL-C and protection against coronary heart disease.[@b6],[@b26] Hence, mechanisms inhibiting PCSK9 expression have potential promise for cholesterol-lowering intervention. Recently, PCSK9 loss-of function mutations were correlated with plasma low levels of HDL-C and elevated plasma TG levels have been also noticed.[@b27]--[@b30] Based on those previous observations, we have studied a relationship of circulating PCSK9 concentrations with serum lipids in an obesity condition. The data indicated that circulating PCSK9 concentrations were not correlated with the serum lipids and glucose profile, while it decreased gradually along with ageing ([Table 3](#jgc-10-04-361-t03){ref-type="table"}), suggesting that the change of circulating PCSK9 concentration might be closely correlated with ageing, but not body weight and severity of dyslipidemia.

It is thought that PCSK9 is secreted primarily by the liver; human hepatoma cell lines produce and secret it as well.[@b6] Once circulating in the blood stream, PCSK9 can modulate the expression of LDLR in several tissues, including the liver, intestines, kidneys, lungs, pancreatic islets and adipose tissue.[@b8],[@b11] Physiologically, it has been reported that the serum PCSK9 concentrations were significant modulated by a variety of physiological factors. Firstly, Plasma PCSK9 levels exhibit a diurnal rhythm, with a nadir between 3:00 pm to 9:00 pm, and a peak during the night 4:30 am.[@b31] Additionally, fasting is another physical factor that can reduce circulating PCSK9 concentrations in healthy volunteers. A 20%--35% decrease was found at 18 h after fasting.[@b31]--[@b33] Moreover, PCSK9 concentrations were slightly higher in premenopausal women than in men.[@b34],[@b35] Finally, plasma PCSK9 levels are also affected by ageing. It is reported that serum PCSK9 levels were higher in 9-year-old boys than in 13-and 16-year-old male adolescents, paralleling the decrease of LDL-C during puberty in males.[@b36] In contrast, plasma PCSK9 concentrations increase in girls between 9 and 13--16 years of age, perhaps contributing to the higher LDL-C concentrations observed in girls during puberty compared to boys.[@b36] Our data provided novel information regarding age-related influence on serum PCSK9 levels.

Ageing is a major cause of hyperlipidemia. Plasma cholesterol increases in normal ageing in both rodents and human.[@b9] It has been already reported that in aged rats, the hepatic 3-hydroxy-3-methylglutaryl coenzyme A receptor, the rate-limiting enzyme of cholesterol biosynthesis, exhibit slow degradation and cholesterol synthesis is increased.[@b10],[@b37] Reduced elimination of cholesterol as bile acids and decreased receptor-mediated clearance of plasma LDL, but the changes that can be reversed by treatment with growth hormone.[@b38],[@b39] The decreased LDLR membrane exposure and the following reduced LDL-C uptake could contribute to the hypercholesterolemia characteristic of aged rat as already reported.[@b30],[@b40] In addition, the studies found a gradual decline in the fractional clearance of LDL from the circulation with age and the reduced expression of hepatic LDLRs with increasing age in some species.[@b41]--[@b44] In a word, ageing causes decreases in LDL-C uptake and LDLR expression. Here, our data have shown that the circulating lipid profile had no effect on the LDLR gene expression, and is not caused by the changes of the LDLR expression with ageing.

In conclusion, in the present study we did not detect a relation of changes in serum PCSK9 levels to increase of body weight and changes of lipid profile in rats fed with HFD, suggesting that dyslipidemia in the rat model with HFD appears not associated with PCSK9-LDLR pathway but ageing.
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